Background and purpose -In-hospital death following total hip arthroplasty (THA) is related to comorbidity. The long-term effect of comorbidity on all-cause mortality is, however, unknown for this group of patients and it was investigated in this study.
■
The use of comorbidity as a predictor of various clinical outcomes has increased exponentially during the last 20 years for patients with total hip arthroplasty (THA).
The predictive power of comorbidity has been investigated for perioperative, in-hospital, and short-term mortality (Menendez et al. 2015) , 90-day postoperative mortality (Bozic et al. 2012) , pain level, functional abilities, hospital costs (Lavernia et al. 2009 ), periprosthetic joint infection (Bozic et al. 2012) , reoperations (Gordon et al. 2013) , and patientreported outcomes (PROMs) (Greene et al. 2015) .
Current methods for capturing comorbidity, such as the Charlson and Elixhauser comorbidity indices, were originally developed for in-hospital or short-term mortality occurring in a time frame close to when the comorbidities were recorded. The same indices are currently used for prediction of longterm mortality also, but this is in fact a different matter.
Most studies have found no or little evidence that comorbidity infl uences any clinical outcome. It has nevertheless been suggested that mortality should be adjusted for comorbidity, but it is our belief that this recommendation is unjustifi ed. Elective THA is offered mainly to healthy individuals. Mortality in these patients is lower than in the general population (Michet et al. 2017) . Our hypothesis was therefore that risk factors for mortality in these patients might appear after-and not before-surgery.
To test this hypothesis, we analyzed the predictive power of comorbidity on long-term mortality for THA patients from the Swedish Hip Arthroplasty Register.
indices for each patient: (1) the original Charlson comorbidity index, with 17 categories coded according to ICD-10 (Quan et al. 2005) ; (2) the updated Charlson comorbidity index, which is similar but simplifi ed to 12 categories (Quan et al. 2011) ; and the Elixhauser (1998) comorbidity index, which is coded with ICD-10 codes (Quan et al. 2005 ) with an unweighted index (Moltó and Dougados 2014) . Some comorbidities are included by both the Elixhauser and the Charlson classifi cation, but with different inclusion criteria (Quan et al. 2005) . For example, complications in patients with diabetes should be chronical according to Charlson, but not necessarily so according to Elixhauser. The 2 diabetes groups are therefore not directly comparable between the 2 classifi cations.
Survival analysis
We fi tted 51 univariate Cox models to the data, 1 for each Elixhauser and Charlson category and 1 each for the 3 indices. We found, however, that the proportional-hazard assumption was not met for several models.
We therefore used Schoenfeldt residual plots to identify common patterns among all models and found proportional hazards within subintervals of 0-5, 5-8 and 8-14 years after THA. We refi tted an extended Cox model with stepwise time varying coeffi cient (Therneau and Crowson 2013) to these intervals.
Each univariate model was accompanied by a corresponding model including age and sex. A base model with only age and sex was also fi tted for reference.
Concordance index
The predictive power of comorbidity on mortality was evaluated by a concordance index for survival data (Heagerty and Zheng 2005) . All models were characterized by their sensitivity and specifi city, combined into receiver operating characteristic (ROC) curves, and summarized by their area under the curve (AUC). AUC values were calculated for each time point after THA, and a single summary measure for a whole period was calculated as a weighted index from time 0 to the end of each subinterval (5, 8, and 14 years after THA). Confi dence intervals (95% CIs) were based on non-parametric bootstrap resampling, since no closed form expression has yet been proposed for the concordance index.
The value of the concordance index ranges from 0.5 to 1. A value of 0.5 means that the exposure adds nothing more than chance when predicting the risk of dying, while a value of 1 would indicate that death could be completely predicted by the model. Interpretation of the absolute value is subjective, but it is often assumed for studies in medicine that a value less than 0.7 is poor while 0.7-0.8 is good and 0.8-0.9 is excellent (with 0.9-1.0 being almost unachievable).
Software
We used R version 3.2 (R Core team, Vienna, Austria) with packages survival, risksetROC, tidyverse, modelr, and foreach for statistical analysis.
Ethics, funding and potential confl icts of interest
Ethics approval was obtained from the Central Ethical Review Board in Gothenburg, Sweden (decision 271-14). There was no external fundings for the project and no competing interest to declare.
Results
Of the 120,836 patients who matched our inclusion criteria, 101,415 (84%) survived during the whole follow-up period of up to14 years, while 19,421 (16%) had died (Table 1) . High age and male sex were, as expected, associated with earlier death, and most comorbidities occurred more frequently in those who later died.
Hazard ratios for individual comorbidities ranged from 0.7 for obesity to 13 for metastatic cancer. All concordance indices for individual comorbidities were close to 0.5 (Table 2 , see Supplementary data). We omitted results for models with individual comorbidities combined with age and sex, since we felt that there was little added value in these models compared to the ones presented.
Hazard ratios
Confi dence intervals for the hazard ratios indicated that all covariates evaluated, except obesity, weight loss, and AIDS/ HIV, were associated with higher death rates within the fi rst 5 years following THA.
Less comorbidities were associated with death 5-8 years after THA, and even fewer 8-14 years after THA.
Concordance indices (Figure 2)
The highest concordance indices, for a univariate comorbid- Primary osteoarthritis only n = 124,046
Excluded: second (bilateral) THA n = 37,773
Excluded: not osteoarthritis n = 31,434
Comorbidity data from NPR n = 120,836
THAs used in the study n = 120,836
ity index model, were observed for the Elixhauser comorbidity index (0.59, 0.58, and 0.56 at 5, 8, and 14 years after THA). Second best was the original Charlson comorbidity index (0.58, 0.56, and 0.54), while its updated and simplifi ed version performed slightly worse (0.56, 0.55, and 0.53). As is apparent from Table 2 (see Supplementary data) and Figure 3 , the base model, with age and sex alone, performed considerably better than all comorbidity indices (concordance indices 0.75, 0.74, and 0.74). Models including age and sex together with comorbidity indices were just marginally better than the base model (with concordance indices 0.76, 0.75, and 0.74 for all indices). These differences were most likely clinically irrelevant, although statistically signifi cant for 5 and 8 years after THA ( Figure 3 ).
Discussion
We found that comorbidity indices were weak predictors of mortality for Swedish patients with THA. Concordance indices were close to 0.5; hence, the models predicted death just marginally better than pure chance. We conclude that age and sex were much better predictors, especially for long-term mortality up to 14 years after surgery.
Comorbidities 1 year preoperatively
We used comorbidity data registered at hospital visits during the year before THA. We suspected that a shorter time frame might not capture all relevant comorbidities present at the time of THA. A much longer time frame, on the other hand, might lead to inclusion of old comorbidities that were no longer present by the time of THA.
We ran the analysis with a 1-, 2-, and 5-year comorbidity period before THA. The predictive power increased with length of the period, but this was only minimal (Figure 4 , see Supplementary data). The shorter time frame of 1 year was therefore preferred for the sake of simplicity.
Individual comorbidities
Obesity was the only comorbidity with a reduced risk of death. A similar, counterintuitive, observation has been made previously (Menendez et al. 2014) . It has been suggested that surgeons may select overweight patients for surgery only if they are otherwise healthier than non-obese patients (Hawker et al. 2013) , which makes it diffi cult to generalize our fi ndings. It has also been found that obesity has been heavily under-reported in admin- istrative registers in the USA (Bohl et al. 2016 ). Length and weight was captured from the SHAR for 94% of our patients with THA after 2007. 22% of them had BMI ≥ 30, and were therefore obese. This, compared to only 1.5% obesity identifi ed from the National Patient Register, is more in line with the Swedish general population of 70-year-olds. Hypertension, lipid disease, Alzheimer's disease, and other non-somatic conditions are also known to be under-reported in the National Patient Register (Ludvigsson et al. 2011) . Depression was found in only 1% of our patients, but in onethird of all patients included in a Dutch study (Duivenvoorden et al. 2013) .
It is also known that diabetes might be under-reported in the National Patient Register (Rawshani et al. 2014 ).
We had too few patients with weight loss and AIDS/HIV to observe hazard ratios different than 1.
All other comorbidities were related to increased death risk, but with weak predictive power.
Hazard ratios vs. concordance index
Hazard ratios that are relatively high can still have low predictive power (Pepe et al. 2004 ). The hazard ratios themselves do not characterize the discriminatory capacity of the comorbidities.
Patients with metastatic cancer, for example, have an almost 13-fold risk of dying during the fi rst 5-year period, compared to those with cardiac arrhythmias with a hazard ratio less than 3. But mortality predictions apply to patients both with and without the conditions. There were 24 times as many patients with cardiac arrhythmias than metastatic cancer, and it is therefore no surprise that the former yielded a concordance index of 0.53, while the other had a lower value of 0.51.
Also, most deaths from metastatic cancer occurred already within 2 years of diagnosis. These patients were then withdrawn from the cohort, which meant rapidly reduced hazard ratios in the periods 5-8 years and 8-14 years, refl ecting that cancer patients who survived more than 5 years might have been considered "statistically cured".
A chronic condition such as uncomplicated diabetes, on the other hand, showed a more stable-2-fold-death risk during the whole period.
Inclusion of more covariates
We found that comorbidity adds little to age and sex when predicting long-term all-cause mortality after THA. We did not include any other possible predictors, since it is known that although concordance indices are commonly used to quantify predictability of working models, they are not sensitive for capturing overall added values from a new marker on top of conventional predictors (Uno et al. 2011) . A consequence of this was illustrated by Mnatzaganian et al. (2014) , who found large differences in 1-and 2-year postoperative mortality hazard ratios combined with small (although statistically signifi cant) C-statistic differences. The confi dence intervals were based on non-parametric bootstrapping. They were all narrow, due to the large sample size.
Concordance indices

Healthy patients
It has been proposed that comorbidities could be used for mortality prediction in patients with severe diseases, such as cancer. This discrepancy from our results suggests that patients selected for THA in Sweden are relatively healthy, so their time of death is diffi cult to predict.
This might also be justifi ed by comparing the Elixhauser comorbidity data from Table 1 to a similar table for the general population (Quail et al. 2011) . Exact comparisons are diffi cult, due to different demographics and different sources of comorbidity data, but there are some indications that THA is avoided for patients with depression, psychiatric disorders, fl uid and electrolyte disorders, coagulopathies, and metastatic cancer, whereas uncomplicated diabetes and alcohol abuse might be slightly more common in patients with THA. However, as mentioned above, some of these conditions are under-reported from the National Patient Register. Caution should therefore be used when comparing individual comorbidities. To further compare our sample to the general population would be of interest. An age-and sex-matched control group, without THA but with a comparable date for comparison, would make this possible. Unfortunately, we did not have access to such data, but this can be seen as a suggestion for further research.
We are not sure whether the Swedish selection criteria for THA are equal to those in other countries. Predictive power of comorbidity on mortality might be stronger if THA is also offered to older or sicker patients than ours.
Distinct comorbidities vs. combined index
If one relies on comorbidity to predict mortality, a combined index is needed since no distinct comorbidity could predict death alone. This has also been justifi ed mathematically (Austin et al. 2015) . A combined index is also preferred due to ease of comparison between patients with different comorbidities (Moltó and Dougados 2014) . Elixhauser et al. (1998) did, however, argue against such an index-although several indices have since then been proposed. It has also been suggested that the use of comorbidity indices is not well understood by surgeons and patients (Bozic et al. 2012) , so individual comorbidities could be preferred for easier interpretation. Also, a composite comorbidity score does not model possible interaction effects, and it is known, for example, that diabetes mellitus increases the risk of postoperative myocardial infarction. This increased risk might be modeled better if controlling for diabetes specifi cally (Bohl et al. 2016) , ideally by linking to the National Diabetes Register (which has a better degree of completeness of diabetes cases than the National Patient Register (Rawshani et al. 2014) ).
We found the highest concordance indices for the Elixhauser comorbidity index. This index is not ideal, but it was at least the best of the 3 investigated. This is consistent with previous studies on in-hospital mortality of THA patients (Menendez et al. 2014) and with a systematic review of 76 articles in general (Yurkovich et al. 2015) . The absolute difference between the indices is, however, small-so the original Charlson comorbidity index might be preferred if relying on self-administrated questionnaires or other time-consuming methods (Moltó and Dougados 2014) .
Strengths
The data that support this study are of high quality. The SHAR is a validated source with almost total completeness regarding both public and private THA producers in Sweden (Kärrholm 2010) . The Swedish personal identity numbers also allowed us to uniquely identify and link data from the SHAR to the National Patient Register (Cnudde et al. 2016 ) with a validated completeness of 85-95% of most diagnoses classifi ed by both Charlson and Elixhauser (Ludvigsson et al. 2011) . The Swedish tax agency has an almost complete coverage of death dates for Swedish permanent residences. Unknown death dates occur more frequently for patients moving permanently to other countries, but emigration at high age is unlikely, and we did not see any systematic censoring pattern affecting the data.
To our knowledge, our study is the fi rst both to predict longterm all-cause mortality after THA based on comorbidity, and to use a concordance index specially designed to capture the specifi c nature of survival data (Heagerty and Zheng 2005) in the fi eld of orthopedics, where it is otherwise common to rely on logistic regression.
Limitations
Comorbidity completeness through the National Patient Register is high for most comorbidities, but administrative registers might be an incomplete source of comorbidity data (Bohl et al. 2016) . It is also clear that some individual comorbidities are under-reported.
The National Patient Register does not cover primary healthcare visits and did not cover hospital-based outpatient data before 2001. The Elixhauser classifi cation was in fact developed for inpatient data only, but addition of outpatient data has since been shown to be successful (Perkins et al. 2004 ). Completeness of outpatient data is, however, lower (80%), and this is an increasing problem-since more patients are treated as outpatients over time (Ludvigsson et al. 2011 ). Inclusion of data from primary healthcare would be theoretically possible but would be costly and time-consuming, since these records are decentralized among 21 Swedish counties.
According to the Global Burden of Disease Study 2013 (Naghavi et al. 2015) , 9 of the 10 most common causes of death in Sweden have good coverage by the comorbidities identifi ed by both the Charlson and Elixhauser classifi cation (heart disease, cancer, lung diseases, and Alzheimer's disease). Suicide, the fi fth most common cause of death in Sweden, is, however, diffi cult to predict from comorbidity.
We used ICD-10 codes (as used in Sweden from 1997) for comorbidity, while ICD-9 is still widely used in this fi eld.
It has been shown, however, that both versions give similar results (Gordon et al. 2013) , so this consideration can be safely ignored when comparing our results to those of others.
Our concordance index is based on AUC values, a measure that has been the subject of some criticism. The AUC value gives equal importance to the sensitivity and specifi city of a model. Weighting of these aspects differently might be relevant for further research.
Conclusion
The predictive power of comorbidity indices on mortality is weak for patients with THA-in fact, weaker than age and sex. The predictive power also decreases over time.
If mortality after THA must be predicted from comorbidity, which we believe should be avoided, then the Elixhauser comorbidity index appears to be the best choice. Table 2 and Figure 4 are available as supplementary data in the online version of this article, http://dx.doi.org/ 10. 1080/17453674.2017.1341243 EB, OR, PC, CR, GG, and SN contributed to the conception and design of the study. Statistical analyses were run by EB, who also drafted the manuscript. All the authors interpreted the results, critically revised the manuscript, and approved the fi nal version.
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